Little is known about treatment-related neurotoxic mechanisms in children with acute lymphoblastic leukemia (ALL) treated with chemotherapy only.
N eurocognitive deficits are a common late effect found among long-term survivors of childhood acute lymphoblastic leukemia (ALL). Survivors of childhood ALL who receive chemotherapy without prophylactic cranial irradiation therapy are at risk for impairment in executive function and processing speed. 1, 2 Factors that increase this risk include being younger at treatment and having higher levels of exposure to high-dose intravenous methotrexate sodium and intrathecal methotrexate. 1, 2 Little is known about the specific sequence of cellular injury after chemotherapy, and accurate early identification of individual patients at greatest risk is still beyond current capabilities. Biomarkers in the cerebrospinal fluid (CSF) provide information about specific cellular integrity in the central nervous system (CNS). An increase in extracellular total tau (t-tau) levels is suggestive of neuronal cell body and axonal damage, a process that underlies cognitive impairment in dementia. 3 Increased chitotriosidase level in the CSF is suggestive of inflammation and microglial activation in dementia. 4 Recent studies 5, 6 have observed elevations in glial fibrillary acidic protein (GFAP) level in autism, suggestive of astrogliosis. Preliminary studies of CSF biomarkers [7] [8] [9] suggest that changes during cancer therapy correspond to future CNS outcomes. In 31 survivors of childhood ALL who received only chemotherapy, 7 increased CSF concentration of t-tau protein level after induction therapy was associated with lower intelligence 6 years after the diagnosis. Higher peak levels of t-tau during therapy were observed in 9 survivors of childhood ALL who developed leukoencephalopathy compared with 27 survivors with normal brain imaging findings. 8 Increased oxidized phosphatidylcholine levels within the CSF after induction and consolidation therapy were associated with worse executive function at follow-up. 9 Although the strength of this preliminary evidence is limited by small sample sizes, these findings suggest that chemotherapy affects CNS cell integrity. Neurocognitive outcomes in survivors of childhood ALL may also be mediated by polymorphisms in genes related to antifolate chemotherapy, oxidative stress, and CNS susceptibility. 10 Although polymorphisms in these genes have been examined for their contribution to posttreatment cognitive function, their association with indices of CNS integrity has not been reported. Interaction between genetic predisposition and treatment intensity may determine the severity of brain injury in ALL survivors.
We identified biomarkers related to myelin integrity, neuronal injury, astrogliosis, and neuroinflammation a priori and examined concentration of these biomarkers at diagnosis and during therapy. Based on previous findings, 1 we expected these biomarker levels to increase during consolidation therapy. Associations were examined with acute leukoencephalopathy, long-term neurocognitive and neuroimaging outcomes, and polymorphisms in enzymes related to chemotherapy, oxidative stress, and CNS susceptibility.
Methods
From June 1, 2000, through October 31, 2010, 408 children with newly diagnosed ALL were treated at St Jude Children's Research Hospital, Memphis, Tennessee, with a protocol that eliminated prophylactic cranial irradiation therapy. 11 To be eligible for long-term follow-up, survivors had to be at least 5 years after diagnosis and 8 years of age. Survivors were excluded if they had a relapse and received cranial irradiation therapy or hematopoietic cell transplant, were not proficient in English, or had genetic disorders or treatment-unrelated neurologic injury associated with cognitive impairment. Among the 235 patients who provided CSF samples during active therapy, 198 met eligibility criteria for long-term follow-up and 138 (69.7%) participated (eFigure 1 in the Supplement). Demographic and clinical characteristics of the long-term survivors have been previously described as part of larger samples. 1, 10 This study was approved by the institutional review board at St Jude Children's Research Hospital; written informed consent or assent was obtained from parents and participants as appropriate. All children, regardless of risk stratification, received triple intrathecal treatments (methotrexate, hydrocortisone sodium succinate, and cytarabine), 4 courses of intravenous highdose methotrexate chemotherapy with leucovorin calcium rescue therapy, and oral dexamethasone sodium phosphate pulses in addition to other chemotherapeutic agents (eFigure 2 in the Supplement). 11, 12 Leucovorin calcium rescue therapy (10) (11) (12) (13) (14) (15) mg/m 2 intravenously) was administered 42 hours after highdose methotrexate infusion and repeated every 6 hours for a total of 5 doses. Exposures to intravenous high-dose methotrexate were measured as previously described. 13, 14 Blood
Procedures
Samples of CSF were collected through spinal taps at diagnosis and before intrathecal chemotherapy administration. After lumbar puncture, CSF samples were centrifuged at 800g for 5 minutes at 4°C to remove cellular debris, divided into aliquots, and immediately frozen at −80°C. Any sample contaminated with blood was excluded from analysis. Assays were conducted on 1-mL samples collected at baseline, after induction, during consolidation, at the start of reinduction I, and during reinduction II. The study schema and points of CSF collection are summarized in eFigure 2 and eTable 3 in the Supplement, respectively. The CSF markers of interest included levels of t-tau, phosphorylated tau (p-tau), neuron-specific enolase, nerve growth factor (NGF), GFAP, myelin basic protein (MBP), and chitotriosidase. The cellular localization and function of these markers are presented in eFigure 3 in the Supplement. All assays were conducted in duplicate at a Clinical Laboratory Improvement Amendment-approved cytokine reference laboratory using standardized immunoassays (eMethods in the Supplement).
At follow-up, survivors completed neurocognitive testing with certified examiners under the supervision of a board-certified clinical neuropsychologist (K.R.K). Testing procedures followed standard clinical guidelines. Measures of executive function, processing speed, intelligence, attention, and memory span were examined (eTable 4 in the Supplement).
A total of 182 of the 235 survivors (77.4%) who provided CSF samples completed brain magnetic resonance imaging during active therapy at as many as 4 points (eFigure 2 in the Supplement), including after induction (days 33-46), after consolidation (week 1 of reinduction), at continuation (week 48), and at end of therapy (week 120). 13 The magnetic resonance images were reviewed by a board-certified neuroradiologist, who graded leukoencephalopathy according to version 4.03 of the Common Terminology Criteria for Adverse Events (CTCAE). 15 Axial T2-weighted and axial T2 fluid-attenuated inversion recovery images were used for grading. The neuroradiologist was blinded to levels of CSF biomarkers and neurocognitive outcomes. Diffusion tensor imaging was performed using a 1.5-T highresolution 3-dimensional T1-weighted scan (approximately 1 mm 3 ) using a double spin-echo echoplanar imaging pulse sequence (repetition time, 10 000 milliseconds; echo time, 100 milliseconds; matrix, 3 × 1.8 × 1.8 mm) with 4 acquisitions and 12 gradient directions. Diffusion tensor imaging was performed during the same visit as the neurocognitive testing in 105 of the 138 survivors (76.1%) who participated in longterm follow-up at more than 5 years after diagnosis. Measures of fractional anisotropy and apparent diffusion coefficient were obtained from voxels in frontal and parietal lobes. These regions were selected a priori; activity in these regions was expected to correspond with neurocognitive measures. 1 Genotyping was conducted in a previous study that reported associations with end-of-therapy attention problems. 10 Forty-two single-nucleotide polymorphisms (SNPs) were selected a priori based on literature linking them to methotrexate metabolism and folate pathway, general drug metabolism, oxidative stress, and attention or executive function problems in the general pediatric population. 10 Frequency results for the 42 SNPs are listed in eTable 5 in the Supplement.
Statistical Analysis
Follow-up was completed on October 21, 2014, and data were analyzed from August 1, 2015, through September 30, 2016. We used descriptive analysis to summarize CSF biomarker levels during the course of therapy. For all analyses, biomarkers were treated as continuous variables. Given the pattern of change observed across time, we focused on the change from baseline to consolidation, which corresponds to after administration of the first intrathecal therapy and the first cycle of high-dose intravenous methotrexate. We used general linear modeling to evaluate associations of high-dose intravenous methotrexate and intrathecal therapy with change in biomarker levels from baseline to consolidation, adjusting for age at diagnosis and baseline level of the biomarker. We conducted a Poisson regression model to estimate risk ratios and 95% CIs for development of postinduction leukoencephalopathy in response to changes in levels of CSF biomarkers from baseline to after induction and postconsolidation leukoencephalopathy from changes in levels from after induction to consolidation. Leukoencephalopathy was coded as present or absent, given that most CTCAE grades were 1. Models were adjusted for age at diagnosis and baseline CSF levels.
Long-term neurocognitive outcomes were transformed into age-adjusted z scores based on nationally representative normative data. Only neurocognitive measures with scores significantly lower than expected (mean, 0; SD, 1) on a 1-sample t test at P < .05 after correcting for false discovery rate were included in subsequent analyses. We conducted general linear modeling to evaluate the association between CSF marker levels at baseline and change from baseline to consolidation with neurocognitive outcomes during long-term follow-up, adjusting for the false discovery rate. Models were adjusted for age at diagnosis.
A similar approach was adopted with long-term neuroimaging measures, with fractional anisotropy and apparent diffusion coefficient as outcomes adjusted for age at diagnosis and age at evaluation. Associations were examined among each SNP and in change in CSF biomarker levels from baseline to consolidation using an additive model adjusted for baseline levels. Single-nucleotide polymorphisms that were significantly associated with change at the level of P < .10 in univariate analyses were included in multiple general linear models. Multivariable models were adjusted for age at diagnosis, race, and baseline level of the CSF biomarker.
The interaction between high-dose intravenous methotrexate and SNPs on change in CSF levels was also tested. A correlation coefficient was presented to denote the strength of the association between CSF markers and outcomes. All analyses were conducted using SAS software (version 9.3; SAS Institute Inc). Homogeneity of variance and normality of residuals were checked to ensure that model assumptions were met. All P values from analyses of change in biomarker levels over time and biomarker associations with survivor characteristics, treatment, neurocognitive outcomes, and brain imaging outcomes were adjusted for false discovery rate using MULTTEST in SAS software and a linear step-up method. 16 , substantial changes and interpatient variability in levels of CSF biomarkers were found during the course of treatment. Concentrations of t-tau (mean change, 0.13 ng/mL; 95% CI, 0.04-0.22 ng/mL; P < .001), p-tau (mean change, 0.36 nM; 95% CI, 0.25-0.47 nM; P < .001), neuron-specific enolase (mean change, 13.2 ng/mL; 95% CI, 10.8-15.6 ng/mL; P < .001), NGF (mean change, 1.71 ng/mL; 95% CI, 0.30-3.12 ng/mL; P < .001), and chitotriosidase (mean change, 354.02 mmol/mL/h; 95% CI, 60.23-547.80 mmol/mL/h; P < .001) significantly increased from baseline to consolidation ( Figure 1 ). The GFAP level fluctuated throughout treatment, but GFAP levels at baseline and reinduction II remained similar. The MBP levels were elevated at baseline and decreased from consolidation to reinduction II. Most of the biomarker levels returned to undetectable or baseline levels at reinduction I with the exception of GFAP. Concentrations of t-tau, chitotriosidase, and GFAP remained detectable in most of the survivors at reinduction II (eTable 7 in the Supplement). Before initiation of treatment, older age at diagnosis was associated with higher concentrations of neuron-specific enolase (r = 0.25; P < . During consolidation, the dose of intrathecal methotrexate was associated with increased NGF levels (standardized estimate, 2.83; P = .005) (Figure 2 ), although the association was of modest strength (r = 0.19). Greater exposure to high-dose methotrexate was marginally associated with increased GFAP levels (standardized estimate, 1.85; P = .07). We found no other associations between treatment exposures and biomarkers (eTable 9 in the Supplement).
Incidence of leukoencephalopathy (42 patients [23.3%]) during the course of treatment was reported previously. 13 Most cases of detected leukoencephalopathy were asymptomatic. From baseline to after induction, increased concentrations of GFAP were associated with a higher risk ratio (RR) (1.23; 95% CI, 1.09-1.40) of leukoencephalopathy after induction ( At long-term follow-up, survivors' neurocognitive performance decreased below the population mean on multiple measures (eTable 10 in the Supplement). Greater increase in concentrations of t-tau from baseline to consolidation was associated with poorer performance on measures of attention at follow-up (omissions z score estimate, −0.20; P = .04) (Figure 3) . Few associations between other biomarkers and neurocognitive outcomes were identified (eTables 11 and 12 in the Supplement).
Greater change in t-tau level from baseline to consolidation was associated with worse white matter integrity in frontal lobes during long-term follow-up, as reflected by higher apparent diffusion coefficient (standardized estimate, 0.05; P < .001) (Figure 3 Associations were examined between polymorphisms and CSF biomarkers related to treatment exposures (GFAP and NGF) or long-term neurologic outcomes (t-tau, neuron-specific enolase, and MBP). After adjustment for age at diagnosis, race, and baseline concentration of CSF biomarker, change in GFAP levels from baseline to consolidation was associated with polymorphisms in genes related to CNS susceptibility, including APOE (OMIM 107741) Cys112Arg (standardized estimate, 0.27; P =. 04)( Table 2 ). Significant associations between Val-Met variations in the COMT gene and decreased concentrations of GFAP were also observed (standardized estimate, −0.18; P = .04) (eFigure 4 in the Supplement).
Discussion
This study provides novel insight into CNS injury during chemotherapy for childhood ALL. A biomarker suggestive of breakdown of the astrocyte cytoskeleton (GFAP) was associated with exposure to higher doses of intravenous methotrexate, whereas a biomarker suggestive of neuronal cell injury (NGF) was related to intrathecal methotrexate therapy. Breakdown in the integrity of axons, reflected through increase in MBP levels, was associated with subsequent development of acute leukoencephalopathy and myelin integrity at long-term follow-up. Increase in t-tau levels, reflective of axonal injury and plasticity in developmental models, was predictive of future leukoencephalopathy and poorer attention at long-term follow-up. This pattern suggests injury to brain glia and neurons early during chemotherapy, with effects lasting into long-term follow-up.
Most biomarker levels decreased to undetectable by the end of therapy with the exception of t-tau, GFAP, and chitotriosidase. This finding may indicate persistent astrogliosis and microglial activation in response to CNS inflammation. Previous studies 17 have highlighted early involvement of microglial and immune-related changes in neurodegenerative Abbreviations: CSF, cerebrospinal fluid; FDR, false discovery rate; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein; NGF, nerve growth factor; RR, risk ratio.
a All analyses are adjusted for baseline biomarker levels and age at diagnosis.
b Association between change in levels of CSF biomarkers from baseline to after induction in the CSF and risk of leukoencephalopathy after induction (time 1 for magnetic resonance imaging [MRI]) was evaluated. Increase in level of GFAP was associated with a higher risk of developing leukoencephalopathy.
c Association between change in levels of CSF biomarkers from after induction to consolidation and risk of leukoencephalopathy after consolidation (time 2 for MRI) was evaluated.
d Reflects the increased risk of leukoencephalopathy occurring with each unit change in the associated biomarker. t-tau is associated with leukoencephalopathy during therapy and white matter microstructure at long-term follow-up. Higher levels of CSF tau protein are an indicator of axonal injury and cell death. We observed associations between increased t-tau level and problems with attention, processing speed, and white matter integrity in frontal lobes at long-term follow-up. Our results suggest that axons are injured early during chemotherapy, and this injury continues to be reflected in measures of brain integrity at long-term follow-up. Monitoring t-tau level as part of clinical practice may help identify subgroups of patients at risk for adverse neurologic outcomes. Intrathecal methotrexate therapy was associated with an increase in NGF level. Methotrexate administered with cytarabine increases sensitivity to glutamate-mediated neuronal damage.
18 Increased NGF level after administration of intrathecal methotrexate may suggest neuronal injury in response to acute inflammation. 19 Increased NGF level during chemotherapy was associated with poorer white matter integrity in frontal and parietal lobes during long-term followup, likely a function of lower myelin development in injured neural pathways. Survivors with the Val66Met mutation on the BDNF gene (OMIM 113505) had a marginally higher elevation in NGF levels compared with Met carriers, consistent with evidence suggesting Met-associated protective mechanisms in populations without cancer.
20,21
The importance of glial cells, such as oligodendrocytes, astrocytes, and microglia, in chemotherapy-induced neurotoxicity has recently surfaced. 22 Studies in elderly persons suggest that inflammation within the CNS contributes to cognitive impairments through interactions between neurons and glial cells.
23
Our results suggest a dose-dependent increase in GFAP levels after administration of high-dose methotrexate. As the providers of energy substrates, astrocytes establish a direct link between the blood-brain barrier and neurons. 24 Proinflammatory cytokines, which can be induced by chemotherapy, have detrimental effects on tight junctions and thus the integrity of the bloodbrain barrier. 25 Circulating cytokines may cross the blood-brain barrier and elicit a cascade of neurotoxic events in the CNS.
We observed large variations in concentrations of CSF markers at baseline, which may suggest the presence of CNS injury before chemotherapy. High levels of baseline MBP and GFAP may suggest that demyelination and glial cell injury have occurred owing to acute inflammatory responses induced by the cancer. Future studies should evaluate the trajectory and association among neuroinflammation, oxidative stress, and neuron injury throughout treatment. Chitotriosidase, a marker of microglial activation, was associated with genetic prognostic markers of childhood ALL. Because the initial risk status and disease presentation were not significantly associated with baseline levels, the interpatient variation may be attributed to genetic susceptibility. Carriers of the Val allele in the COMT gene demonstrated more CNS injury after high-dose methotrexate treatment. These carriers have greater degradation of dopamine, 26 especially in the prefrontal cortex. Genetic polymorphisms that regulate dopamine and synaptosomeassociated protein were associated with CSF biomarkers. Larger elevation in GFAP concentrations was found in survivors with the risk allele in the APOE gene, which is associated with attention problems in survivors of childhood ALL. 10 The roles of COMT and APOE genes in CNS injury and functional outcomes and interactions with treatment and environmental factors need further validation within this population.
Limitations
Several limitations should be considered in interpreting these results. Determining differential effects and interactions be- The change in level of total tau was measured from baseline to consolidation; long-term neurocognitive function and neuroimaging outcomes at 5 or more years after diagnosis. A, Higher age-adjusted z scores for these measures were indicative of better functioning. All models were adjusted for age at diagnosis and corrected for multiple comparisons. Details of associations between change in biomarkers from baseline to consolidation and other neurocognitive measures are described in eTable 11 in the Supplement. B, All models are adjusted for age at diagnosis and age at evaluation and corrected for multiple comparisons. Details of associations between change in biomarkers from baseline to consolidation and neuroimaging indices on the frontal and parietal lobes are described in eTable 13 in the Supplement.
tween chemotherapeutic agents is difficult. Serum assays for pharmacokinetics and biomarkers were conducted at specific cycles or a single point. We could not determine the onset of leukoencephalopathy during the therapy because subclinical white matter changes may have occurred before the brain magnetic resonance imaging was conducted. Still, the variables should reflect prototypical responses to treatment during the course of therapy. Interpretation of biomarker level is limited by the lack of noncancer controls. Given that the current sample size of survivors is larger than those of most existing studies, we could compare outcomes across survivors with varying intensities of treatment exposures. Although modest associations between treatment exposures and biomarkers were identified, effect sizes (eTable 8 in the Supplement) are substantial for certain biomarkers. Given relatively rare minor allele frequency for some polymorphisms, we were not able to examine the difference between heterozygous and homozygous effects in gene-outcome associations. This overall pattern of findings requires validation in larger prospective studies, including examination of recessive gene variants.
Conclusions
Our results suggest that CSF biomarkers of CNS injury have clinically relevant associations with treatment characteristics and long-term outcomes. Monitoring levels of t-tau within CSF may estimate the risk of leukoencephalopathy and abnormal neurodevelopment. Coupled with knowledge of genetic mediators of CNS injury, the present results may advance the development of personalized medicine whereby treatments for and prevention of late effects are tailored to characteristics of individuals.
ARTICLE INFORMATION
Accepted for Publication: January 5, 2018. 
Biomarkers of interest:
Caption: Glial fibrillary acidic protein is a constituent of the astrocyte cytoskeleton. An elevated level of Glial fibrillary acidic protein in the cerebrospinal fluid is indicative of astrogliosis; Neuronspecific enolase and Nerve growth factor are involved in the differentiation, recovery and survival of neurons. Elevated levels of Neuron-specific enolase and Nerve growth factor are indicative of neuronal damage; total-Tau and phosphorylated-tau modulates axonal and dendritic microtubules, and are markers of brain parenchymal damage; Myelin basic protein within oligodendrocytes are important in the process of myelination of nerves in the nervous system. An elevated level of Myelin basic protein reflects chronic myelin degradation or recovery from an acute episode of myelin breakdown; Chitotriosidase is localized in microglia and phagocytosing cells, and is a marker of neuroinflammation, macrophage activation and DNA damage. eFigure 4. Association Between Genetic Polymorphism on the COMT Gene (rs4680) and Change in GFAP Level Caption: Association between each SNP and change in each specific biomarker from baseline (T1) to consolidation (T3) was evaluated, adjusting for age at diagnosis, race, high-dose methotrexate cumulative dose up to the day of CSF collection and baseline CSF biomarker level. Details of associations between biomarkers and other genetic variations are found in Table 2 , corrected for false discovery rate.
Error bars: 95% confidence intervals
There are significant associations between the SNP rs4680 on the Catechol-Omethyltransferase gene (COMT) and change in level of Glial fibrillary acidic protein (Panel A; P=0.036). Patients with the wild type (GG) displayed largest increase in levels, followed by the heterozygous (AG) and homozygous (AA) genotypes Abbreviations: HD, high-dose; IQR, inter-quartile range; IT MHA, intrathecal injection of MTX plus hydrocortisone plus cytarabine; IV, intravenous; SD, standard deviation * Only applicable to the 136 survivors with long-term follow-up assessments ^ CNS status 1: refers to the absence of blasts on CSF cytospin preparation, regardless of the white blood cell count CNS status 2: refers to white blood cell count of less than 5/mL and blasts on cytospin findings, or white blood cell count of more than 5/mL but negative by Steinherz-Bleyer algorithm findings (if traumatic tap) CNS status 3: refers to white blood cell count of 5/mL or more and blasts on cytospin findings and/or clinical signs of CNS leukemia (eg, facial nerve palsy, brain/eye involvement, hypothalamic syndrome) + Due to limited sample size, genetic factors other than TELAML1 were grouped as "other genetic factors". They include the presence of E2APBX, Philadelphia chromosome and MLLAF4 genetic polymorphisms ** Standard and HD IV methotrexate was calculated separately. HD IV methotrexate was defined as more than 1g/m 2 of IV methotrexate. IT methotrexate is administered, where 1 mL contains methotrexate 1 mg, hydrocortisone 2 mg, and cytarabine 3 mg Table 1 Change in CSF markers from T1 to T3 *General linear modeling was used to evaluate the association of the first cycle of HDMTX with the change in levels from baseline (T1) to consolidation (T3), adjusting for age at diagnosis and baseline level of each biomarker. Estimates refer to the estimates of change in that specific biomarker for every unit increase in the serum exposures to HDMTX (per 100mg.hr/L).
W i l d t y p e H e t e r o z y g o u s H o m o z y g o u s
# General linear modeling was used to evaluate the association of intrathecal methotrexate administered before T3 CSF sample collection, with the change in levels from baseline (T1) to consolidation (T3), adjusting for age at diagnosis and baseline level of each biomarker.
Estimates refer to the estimates of change in that specific biomarker for every unit increase in intrathecal methotrexate administered (per 10 mg).
False discovery rate was not applied for analyses that involved high-dose methotrexate and intrathecal methotrexate as these specific neurotoxic exposures were decided a prior to be associated with biomarker change. This hypothesis was driven from our previous studies that found an association between these two exposures and long-term brain outcomes*. General linear modeling was conducted to evaluate the association between CSF marker levels at baseline (T1) and neurocognitive outcomes during long-term follow-up. Estimates refer to the estimates of change in Z-score for every unit increase in the baseline T1 level of that specific CSF biomarker. All models are adjusted for age at diagnosis. Both the raw P-values and adjusted P*-values (corrected for false discovery rate within each biomarker) are presented.
Higher age-adjusted Z-scores for these measures are indicative of better functioning General linear modeling was conducted to evaluate the association between the change in CSF marker levels and neurocognitive outcomes during long-term follow-up. Since the change in biomarker levels is the main interest for this analysis, only the 4 biomarkers that were previously found to be associated with treatment exposures or leukoencephalopathy from T1 to T3 (total-Tau, GFAP, myelin basic protein and nerve growth factor) were evaluated.
Estimates refer to the estimates of change in Z-score for every unit increase of that specific CSF biomarker from T1 to T3. All models are adjusted for age at diagnosis and CSF biomarker level at baseline. Both the raw P-values and the adjusted P*-values (corrected for false discovery rate within each biomarker) are presented.
Higher age-adjusted Z-scores for these measures are indicative of better functioning © 2018 American Medical Association. All rights reserved. # General linear modeling was conducted to evaluate the association between CSF marker levels at baseline (T1) and neuroimaging outcomes during long-term follow-up. Analyses involved diffusion imaging tensor measures (fractional anisotropy and apparent diffusion coefficient) on the frontal and parietal lobes as outcomes. Estimates refer to the estimates of change in the DTI measure for every unit increase in the baseline T1 level of that specific CSF biomarker. All models are adjusted for age at diagnosis and age at evaluation. Both the raw P-values and the adjusted P*-values (corrected for false discovery rate within each biomarker) are presented. General linear modeling was conducted to evaluate the association between the change in CSF marker levels and neuroimaging outcomes during long-term follow-up. Since the change in biomarker levels is the main interest for this analysis, only the 4 biomarkers that were previously found to be associated with treatment exposures or leukoencephalopathy from T1 to T3 (total-Tau, GFAP, myelin basic protein and nerve growth factor) were evaluated.
Estimates refer to the estimates of change in the DTI measure for every unit increase of that specific CSF biomarker from T1 to T3. All models are adjusted for CSF biomarker level at baseline, age at diagnosis and age at evaluation. Both the raw P-values and the adjusted P*-values (corrected for false discovery rate within each biomarker) are presented. Chitotriosidase Enzymatic Assay Chitotriosidase activity was quantified using the methodology described by Orchard et al. 1 Briefly, 20 µL of diluted CSF was incubated with 20 µL of 22 µM 4-methylumbelliferyl-beta-D-N,N',N'-triacetylchitotriose (MUTAC; Sigma, St. Louis, MO; Cat. #M5639) in 0.5 M citrate-phosphate buffer, pH 5.2, in 0.1% Albumin (Sigma, Cat. #A8412) pre-coated 96 well plates (Fisher; Pittsburgh, PA; Cat. #353072) for 1 hour at 37°C. After 1 hour, 250 µL of 0.5M Na2CO3-NaHCO3 buffer was added to stop the reaction. Enzymatic cleavage of MUTAC produces 4-methlumbelliferone (4-MU), a fluorescent product which was read on the SpectrMax Gemini Fluorometer with 365 nm excitation and 450 nm emissions. Comparisons of relative fluorescent units with CHIT standards (R&D, Minneapolis, MN; Cat. #3559-GH) ranging from 0.4-12.5 ng/well allowed calculation of CHIT activity, which is expressed as nmoles of 4-MU generated/mL of sample per hour.
Note: The lack of internal controls does not allow us to assess the stability of the CSF samples over time. However, we adhered to standard protocols for the collection, storage and assay of the samples. Evidence from the literature [8] [9] [10] [11] have shown that proteins within CSF demonstrate minimal degradation for up to decades if they are kept frozen at -80 o C.
